The analysis of the progression of cardiovascular diseases is an active area of ongoing research. This paper develops an image registration-based methodology to quantify the patient-specific local blood vessel shape variations that occur in the radial direction (i.e. expansion or shrinkage) over an imaging follow-up period, and an example is presented as proof of principle. The methodology can be used for complex vessels with bifurcations, and it is able to identify and address vessel deformations if changes in tortuosity or longitudinal direction are small. The methodology consists of (a) overlapping the baseline and follow-up vessel surfaces by matching the lumen centerline, (b) dividing the region of interest into slices perpendicular to the centerline and centering each slice, and (c) dividing each centered slice into sectors. The local approach consists of analyzing a representative point in each sector of each slice (i.e. each patch). In this paper the algorithm is applied to a patient-specific abdominal aortic aneurysm (AAA) as a proof of principle of the method. Six patient-specific image reconstructions from a single subject followed for 28 months are analyzed in pairs, yielding five time spans to which the algorithm was applied. The algorithm was able to quantify the AAA radial growth. The average AAA radial growths for the five case studies are -2.13 mm, 3.43 mm, -0.25 mm, 1.41 mm, and 0.84 mm, whereas the maximum local growths are 4.76±0.15 mm, 9.30±1.13 mm, 2.08±0.05 mm, 4.10±0.14 mm, and 4.16±0.45 mm. The tolerance of the geometric local measurements is related to the matching processes (i.e. overlapping the geometries and centering each slice) because of the vessel deformation that took place over time. Thus, this methodology has been used to quantify the average AAA growth and the maximum local AAA growth (± the tolerance) as metrics of the vessel's radial growth.
Introduction
Cardiovascular diseases (CVDs) are the leading cause of death (World Health Organization, global status report on noncommunicable diseases 2010, Geneva, 2011). Some research studies are putting strong emphasis on monitoring CVD development over time as well as relating this evolution to various geometric and hemodynamic parameters in order to help physicians assess CVDs more properly. Hence, first and foremost, the change (remodeling) in the blood vessels under study has to be evaluated. Different approaches have been taken to quantify vessel remodeling. For example, Huang et al [1] measured carotid artery shrinkage in the longitudinal and circumferential directions between in-vivo and ex-vivo three-dimensional (3D) geometries obtained from magnetic resonance images (MRIs). However, they focused on global shrinkage rather than on local shrinkage.
Boussel et al [2] measured intracranial aneurysm growth by matching the baseline and the follow-up surfaces, where there was no large deformation of the vessel. For this purpose, vessel bifurcation and vessel junctions were used as the anatomical points to be matched. Then, a discrete displacement field was defined by quantifying the distance between the baseline surface and a follow-up surface using vectors normal to the baseline surface.
O'Rourke et al [3] measured the thrombus deposition in abdominal aortic aneurysms (AAAs), focusing on sections perpendicular to one spatial coordinate. They did not measure local shrinkage and growth; instead, they computed an average growth (for a given cross section) using slices that were not orthogonal to the flow centerline. Thus, their local approach consists of studying cross sections.
Martufi et al [4] studied the evolution of 51 pairs of AAAs, using the same cross-sectional local approach. They quantified the growth of the AAAs by dividing the geometry from the renal arteries to the beginning of the iliac arteries into 100 splines perpendicular to the centerline. The diameters were measured at the splines.
AAAs, a specific example of CVDs, continue to be one of the leading causes of death [5, 6] . Moreover, the pathogenesis involved in AAA enlargement and rupture is still not well understood. The studies carried out on AAA hemodynamics [7] [8] [9] [10] [11] and biomechanics [11] [12] [13] [14] [15] [16] [17] [18] suggest that both hemodynamics and biomechanics must be associated. Furthermore, the aneurysmal radial growth (e.g. the enlargement rate) is often seen as a rupture risk factor [19] , and studying the matter from a local standpoint is of utmost importance, because aneurysmal rupture usually occurs at a specific point over the AAA sac [12, 19, 20] .
To the best of our knowledge, the present study is the first attempt to derive a method for measuring local changes in the geometry of blood vessels subjected to in-vivo deformation. Our local approach consists of analyzing sectors of cross-sectional slices with a certain degree of thickness. The method proposed in this work uses discretized surfaces. Discretization is based on a mesh created for a subsequent resolution of the Navier-Stokes equations [21] using the finite volume method through a computational fluid dynamics (CFD) simulation. The method is therefore capable of measuring local changes as well as directly relating these values to local hemodynamic parameters. Future research will need to locally quantify the vessels' change in shape in order to correlate expansion, shrinkage, and remodeling with local hemodynamic and physiological parameters. Based on the way the surfaces are discretized, this can now be done directly by using the approach presented here.
This study aims to provide proof of principle for a method for undertaking a local study of the radial growth of a vessel, exemplified by the radial growth of the AAA sac in a patient who was subjected to six computed tomography (CT) scans over a 28-month period.
Materials and methods

Materials
The method presented in this article is applied to a patient's follow-up at Allegheny General Hospital (AGH) in Pittsburgh, PA. The patient data was collected as part of a retrospective review that had IRB (Institutional Review Board) approval from both AGH and University of Texas at San Antonio; because the review was retrospective, patient consent was not necessary. The subject is a 60-year-old African-American female with an extensive cardiac history, including two prior coronary artery bypass grafting procedures. An initial CT scan was performed as part of a routine diagnostic imaging procedure, and the subject was placed in a surveillance program for having an AAA that measured less than 5.0 cm in maximum diameter. Six CT scans were performed during the 28-month surveillance period, with the final CT exam showing a contained rupture that led to emergency endovascular repair of the aneurysm.
Using in-house segmentation and meshing software (AAAVASC v.1.0, Carnegie Mellon University [22] ), six patient-specific AAA models were generated with the AAA wall and intraluminal thrombus (ILT). Lumen and lumen + ILT posterior views at t 1 =0, t 2 =5 months, t 3 =15 months, t 4 =21 months, t 5 =25 months, and t 6 =28 months. Units are number of months relative to the initial scan.
The five follow-up scans were taken at t 2 =5, t 3 =15, t 4 =21, t 5 =25, and t 6 =28 months relative to the initial scan (t 1 =0). Figure 1 shows the posterior view of the 3D reconstruction of the lumen (top row) and the lumen with the ILT (bottom row) for each CT scan.
The geometries (AAA models generated from scans) are taken in pairs, and the radial growth of the AAA is locally studied. This study includes five case studies of the same specific patient defined as case study k (CSk) with k=1, K , 5. For CSk, the initial geometry was generated from the scan taken at t k , and the final geometry was generated from the scan taken at t k+1 . Thus, the time span of each case study is Δt k =t k+1 -t k |k=1, K , 5, such that Δt 1 =5 months, Δt 2 =10 months, Δt 3 =6 months, Δt 4 =4 months, and Δt 5 =3 months. For each case study, the following surfaces were needed: the initial lumen surface, the final lumen surface, the initial thrombus surface, and the final thrombus surface. The surfaces were discretized using a mesh that can be used for CFD simulations. Figure 2 shows the process employed, which consists of three steps. The first step is to match the initial (baseline) and final (follow-up) 3D models (see figure 2 (b)) that had been previously obtained (see figure 2(a) ). The second step consists of dividing the overlapped vessels into slices and then centering each slice to overcome the deformation limitation (see figure 2(c)). The third step is to divide each slice into sectors. Then, for each slice a characteristic point is computed for both the initial and final surfaces (see figure 2(d) ). In summary, the local approach consists of dividing a surface into a series of regions or patches that are the intersections of a slice and a sector and obtaining the coordinates of a characteristic point that represents each region. These points (one per each sector of each slice) can be used to quantify geometric parameters from a local point of view. The following subsections explain these steps in detail.
Methods
Overlapping geometries
The first problem to tackle is overlapping the initial and final surfaces. We opted to overlap by matching the centerline. A centerline is defined as the line drawn between two sections of a tubular structure that maximizes the distance from the contours. It is calculated by solving the Eikon equation in the Voronoi diagram embedded in the object [23] , using the module for calculating the centerline in 3D Slicer (www.slicer.org and www.vmtk.org). The image registration or matching is done by assuming that the blood vessel, which has to contain a bifurcation point, is a rigid body via the method of singular value decomposition developed by Söderkvist and Wedin [24] . In this method, a displacement vector and a rotation matrix are applied to one of the geometries so that both are matched. When choosing the pairs of points to match, one of them is always the bifurcation point. Others are chosen every x mm (x being a distance from the bifurcation point in three directions, where the directions are the ones along the path of the three centerlines: daughter vessels and the parent vessel).
A characteristic metric of the matching process is its Euclidean norm, which is defined as
is the number of pairs of points used to do the matching, x i A are the coordinates of the ith point of the Step 1: Overlap baseline and follow-up geometries (a).
Step 2: Divide the overlapped geometry (b) into slices (c) and center each slice.
Step 3: Divide each slice into sectors (d) and compute coordinates of characteristic points.
initial centerline, and x i B,new are the coordinates of the ith point of the final centerline after matching.
There is another metric, which in this study is called the mean distance between points after overlapping (MD ov ). It assumes an average value of the distance between the initial and final centerline points after matching; thus MD n ov / s = . When there is some deformation between pairs of centerlines, the MD ov cannot be reduced to zero. In other words, an MD ov different from zero is a measure of the existence of deformation.
Overcoming the rigid-body limitation
Once the initial and final surfaces have been overlapped, the vessel's region of interest is divided into slices (S slices). Slices are contiguous, have a mm of arbitrary thickness (see figure 2(c) ), and are perpendicular to the centerline (i.e. perpendicular to the likely flow direction in each slice).
Because of the deformation that has occurred over time, in each slice the corresponding slices in a pair of images are not as well matched as they should be in obtaining good measurements for geometric parameters. If local growth is to be analyzed, the slices must be centered again, using the Söderkvist and Wedin [24] method. Our experience showed that (at least for this proof-of-principle study) only the displacement vector has to be applied; the rotation matrix can be ignored. In fact, matching the entire geometries (the complete AAAs, including lumens and ILTs, as explained in subsection 2.2.1) means that, after matching, both geometries are located as well as the method allows.
Before centering, each slice has its own MD ov,s (i.e., the mean distance between points after overlapping for each slice). The average MD ov,s can be computed as
where s stands for the specific slice and S is the number of slices in the study. After centering, each slice has its own MD ce,s (i.e., the mean distance between points after centering for each slice). The average MD ce,s can be computed as
) . This slice centering reduces the MD ov,s considerably. The MD ce,s tends to zero as the slice thickness tends to zero. In line with this, MD ce,s can be seen as a measure of the tolerance of geometric radial measures.
Local analysis approach
In order to analyze a local geometric change, each slice is divided into several sectors (P sectors, arbitrarily) (see figure 2(d) ). Thus, our local approach is limited to patches (i.e. each sector of each slice). The matched and then centered initial and final geometry surfaces are divided into S·P local regions, and these regions are characterized by a point that is based on the area-weighted average region coordinates. That point (x s p , ) for sector p of slice s for one of the geometries (i.e. initial or final geometry) would be
, , is the area of the discretized surface j in sector p of slice s, x s p j , , are the coordinates of discretized surface j in sector p of slice s, and A s p , is the area of the surface of the sector p of the slice s.
The
Application to the case of an AAA
In this case, the matching is done using the initial and final lumen centerlines, and the bifurcation point is the bifurcation of the abdominal aorta with the common iliac arteries. The following parameters have been chosen in order to define the local approach: a=5 mm, S=13 slices, and P=12 sectors.
The measured values are the average AAA growth in the radial direction for a given slice s, 
Results
Overlapping geometries
For each case study, initial and final lumen centerlines were obtained (see figure 3(a) for the lumen centerlines of CS5). Additionally, each lumen and each thrombus of each case study were discretized in the same way. A mesh was generated using the Gambit 2.4 grid generation package (Ansys Inc., Canonsburg, PA, USA). The mesh for the lumen and for the thrombus was created independently, since they were two different volumes, but the same mesh was generated for both. In other words, they were created with the same element size and the same meshing strategy, meaning that each surface was discretized using triangles whose sides are very close to 0.5 mm.
For the centerline matching, in-house routines based on the steps followed by Challin [25] were run in Matlab ® (The MathWorks, Inc., Natick, MA, USA). Figure 3 shows the location of both centerlines before ( figure 3(b) ) and after ( figure 3(c) ) matching for CS5. The registration then required examination by means of the MD ov . Table 1 shows the number of pairs of points to be matched in each registration procedure, the norm, and the mean distance between the pairs of points used. The numerical value of MD ov does not analyze whether or not the registration procedure is good, but rather it accounts for the extent of the deformation that has taken place; recall the method employed to carry out the matching was meant to match rigid bodies.
As the MD ov values suggest, there is some deformation in every case study.
Overcoming the rigid-body limitation
Once the geometries were matched, they had to be sliced and centered. For the slicing, in-house routines were run in Matlab ® . Figure 4 shows the slices for CS5, where the initial and final centerline, lumen, and thrombus are depicted. In addition to the 13 slices, an image of the overlapped geometries before being sliced and an image with all the slices combined together are included.
It is necessary to re-center the centerline at each slice to overcome the deformation that took place in the vessel and to obtain good results in measuring the local growth from each sector of each slice. For the centering, in-house routines were run in Matlab ® .
Only one slice is shown in figure 5 (before centering in figure 5 (a) and after centering in figure 5(b) ). Table 2 shows MD , s ov, which is the average mean distance between points for the 13 slices before the centering, and MD , s ce, which is the average mean distance between points for the 13 slices after the centering. The results for all case studies show that the values are considerably reduced, proving that the problem of the deformation is locally overcome. For example, in CS5, before centering MD s ov, was equal to 0.79 mm (due to the deformation), while after the second matching MD s ce, was 0.28 mm (due to the deformation on a slide-to-slide basis), meaning MD s ov, was reduced by 64%. As we noted earlier, MD s ce, can be further reduced if slice thickness is also reduced. Because slice thickness is a parameter that is case- study-dependent, it is also important to point out that for large arteries, decreasing slice thickness means a large increase in the amount of data to be analyzed. As stated above, the MD ce,s should be seen as a tolerance in future measurements of the radial growth of the AAA because of local deformation. On average, the mean MD s ov, was reduced by 70% after centering.
Local analysis approach
The following step consisted of dividing each slice into sectors. For the sake of clarity, only three slices (out of 13) from one of the four surfaces (initial lumen) are shown in figure 6 . In order to carry out this task, inhouse routines were run in Matlab ® . The local points to be analyzed and the centerline are also shown.
Finally, the objective of this method is to measure a geometric parameter. In the present example, the AAA radial growth was computed. Figure 7 presents the results of (a) the average AAA growth per slice and (b) the maximum AAA growth (±MD ce,s ) per slice. The slice numbering is in the box in the top part of the figure. These results are an example of this local approach, and discussing them is outside the scope of the present work.
Discussion
Slice thickness and number of sectors
The parameters a, S, and P depend on what is analyzed and how much local detail is needed. It may be necessary to check the validity of the chosen parameters, a, S, and P. To do so, in the present example, in addition to the study where a=5 mm, S=13 slices, and P=12 sectors (study B) for CS5, two more have been carried out: study A (a=3 mm; S=21 slices; P=16 sectors) and study C (a=7 mm; S=9 slices; P=8 sectors). Choosing these parameters means that 336, 156, and 72 local data points are analyzed for studies A, B, and C, respectively. Figure 8 shows (a) the values of MD s ov, and MD , s ce, (b) the average AAA radial growth along the longitudinal axis (z-axis), and (c) the maximum local AAA radial growth along the longitudinal axis (z-axis). The z-axis is defined in the figure in the box.
As figure 8 (a) suggests, MD s ov, does not depend on slice thickness; it depends only on the case study, because it is a measure of the deformation before centering each slice. However, MD s ce, strongly depends on slice thickness. As the thickness tends to zero, MD s ce, also tends to zero, because the initial and final centerlines tend to single points, which results in MD ce,s =0 for every s if matched. The number of slices is shown on the secondary axis. For the same longitudinal length, decreasing the slice thickness (a) means increasing the number of slices (S) and therefore increasing the number of data points. The optimum choice for parameters is case-study-dependent, because the objective in monitoring vessel shape variations is to detect abnormalities (e.g. steep AAA growth or shrinkage).
Figure 8(b) shows the average AAA growth in the longitudinal axis. It can be seen that studies A, B, and C follow the same trend, and no abnormalities are Figure 6 . Sectors for slices 1, 7, and 13 from CS5.
detected. Near the iliac arteries there is shrinkage of the AAA, whereas while moving through the neck the AAA expands. It could be said that the only thing that varies among the studies is the number of data points. As the number of slices and sectors increases, the averaged growths are more reliable. For study C, each data point represents the average of eight sectors, which might seem like little data. However, for study A, each data point is the average of 16 sectors, which is double, and the results vary only slightly. Therefore, the parameters chosen for study C would be sufficient.
Nevertheless, this method was created for a local analysis on a patch-to-patch basis, not on a slice-toslice basis. In figure 8(c) , the maximum AAA growth is depicted, where the bars are ±MD ce,s . As previously stated, MD ce,s is the tolerance of measurements due to the deformation that has taken place over time. As the results suggest, in this study (studies A, B, and C) the parameters for study C seem to be sufficient for measuring maximum AAA growth, because results do not vary considerably among the studies, and no steep AAA growths were detected. However, this analysis was carried out for CS5. Therefore, in order to analyze all the case studies, a more conservative approach was taken, and the parameters for study B were used to analyze case studies CS1-CS5.
The above shows that it is necessary to choose a, S, and P, depending on the case study. The values will primarily depend on the degree of deformation that occurred, the number of slices and the number data points per slice that are of interest in the study, and the geometric parameter being studied (e.g. maximum AAA growth).
Study limitations and future perspectives
One of the limitations is that this method can be applied to the study of parts of vessels where a bifurcation point is present. Otherwise, it would be very difficult to ensure proper matching between the baseline and follow-up geometries, because it would be difficult to correctly choose the centerline points that will enable the matching.
Furthermore, since a surface is divided into regions (a sector of a slice), another limitation of this approach is precisely that the information is reduced to a set of local regions. On the other hand, the number of regions can be increased, and for most applications local information for a set of regions is sufficient for a good analysis.
However, although this method allows researchers to quantify local blood vessel growth in the radial direction (i.e. expansion or shrinkage), it is not suitable when large changes in tortuosity or in the longitudinal direction occur. In such cases, this method would not work properly, and the results would not be useful, because when matching and dividing into slices, those slices would not contain the information about the same physical point for the baseline and the follow-up geometries.
The measurement of geometric changes based on this methodology is not perfect because there is a tolerance inherent in the method (MD ce,s ), which has been assessed for a particular case study. It is also important to note that there is an uncertainty that is not linked to the method but to the image acquisition, which would depend on the resolution of the CT or MRI.
Finally, more patient-specific cases are needed to properly validate this first proof-of-principle study. We considered our radial growth measurements from the geometric point of view in a deterministic way, and we defined a mathematical function for measuring the radial growth g . ( ) We also introduced a tolerance in radial growth measurements (±MD ce,s ) because of the deformation that might have taken place. Hence, this proof-of-principle study has focused on defining a method for measuring radial vessel growth from a mathematical point of view. For the validation of this methodology, the measurements should be considered to be random variables, and therefore the estimator (i.e. mathematical function for measuring the radial growth) should be analyzed from the statistical point of view. In other words, the estimator properties (bias, consistency, efficiency, robustness, etc) should be evaluated to verify its goodness as an estimator. This is the next step towards a more general method for quantifying vessel growth.
Conclusion
A method for measuring local shape variations in bifurcated blood vessels that occurred in the radial direction over a period of time has been presented as a proof-of-principle study. This local approach is based on the discretization of the vessel surface in regions (i.e. sectors of slices). This method can be used for complex vessels, and it is able to tackle and overcome the issue of vessel deformation by means of an approximation (i.e. by dividing the vessel into slices and centering each slice) and including a tolerance in local measures.
The method was applied to a real example (six patient-specific AAA image reconstructions from a single subject), and the AAA radial growth was measured. This local approach can be applied to other bifurcated vessels to analyze other vascular diseases. This is valuable, because it is precisely in the bifurcations where some diseases start as a result of disturbed hemodynamics. Furthermore, these diseases are always related to local issues, and therefore it may be of interest to analyze them using the local perspective of this method, since the volumes are also discretized by a mesh, where the Navier-Stokes equations can be solved.
